Pesticide resistance poses a major challenge for the control of vector-borne human diseases and agricultural crop protection. Although a number of studies have defined how mutations in specific target proteins can lead to insecticide resistance, much less is known about the mechanisms by which constitutive overexpression of detoxifying enzymes contributes to metabolic pesticide resistance. Here we show that the Nrf2/Keap1 pathway is constitutively active in two laboratory-selected DDT-resistant strains of Drosophila, 91R and RDDTR, leading to the overexpression of multiple detoxifying genes. Disruption of the Drosophila Nrf2 ortholog, CncC, or overexpression of Keap1, is sufficient to block this transcriptional response. In addition, a CncC-responsive reporter is highly active in both DDT-resistant strains and this response is dependent on the presence of an intact CncC binding site in the promoter. Microarray analysis revealed that w20% of the genes differentially expressed in the 91R strain are known CncC target genes. Finally, we show that CncC is partially active in these strains, consistent with the fitness cost associated with constitutive activation of the pathway. This study demonstrates that the Nrf2/Keap1 pathway contributes to the widespread overexpression of detoxification genes in insecticideresistant strains and raises the possibility that inhibitors of this pathway could provide effective synergists for insect population control.
Introduction
Insects pose a constant threat to agricultural crop production and transmit a number of vector-borne human diseases, including malaria, filaria and dengue. Although insecticides provide an effective approach for vector control, their widespread use over the last few decades has led to the development of pesticide resistance in a number of insect species (Heckel, 2012) . Cross-resistance to different classes of insecticides has further complicated efforts to control insect populations. As a result, the development of effective pest control strategies has become a major focus for current research and has led to widespread efforts to understand the molecular mechanisms that underlie insect pesticide resistance.
Resistance to insecticides arises through several mechanisms, including target site resistance and metabolic resistance (FfrenchConstant et al., 2004; Perry et al., 2011) . Target site resistance can result from mutations that decrease the binding affinity of insecticides toward the molecules with which they interact, and are most commonly encountered in ion channels and enzymes that play critical roles in synaptic transmission. For example, mutations in the para sodium channel result in resistance to DDT and pyrethroids while mutations in GABA gated chloride channels result in resistance to dieldrin (Ffrench-Constant et al., 1991 , 1993 . These target proteins are essential for survival and therefore only a few conserved point mutations can be tolerated that decrease their insecticide sensitivity while maintaining normal protein function. Similarly, cross-resistance is limited to compounds that act at the same active site in the target protein.
Metabolic resistance, on the other hand, arises from an increase in the overall metabolic capacity of organisms to detoxify pesticides and other xenobiotics. Insects employ an extensive array of enzymes, including cytochrome P450 monooxygenases (P450s), glutathione S-transferases (GSTs) and carboxylesterases, which detoxify a wide range of endogenous and exogenous toxic compounds . These Phase I and Phase II enzymes can be transcriptionally activated in a constitutive manner due to mutations in either cis-acting elements or trans-acting factors, conferring pesticide resistance. Metabolic resistance can also arise due to mutations that increase the catalytic activity of these detoxification enzymes. In contrast to the genes involved in target site resistance, many genes associated with metabolic resistance are not vital for survival and thus tend to be more tolerant of genomic changes that alter enzyme function and/or expression. Furthermore, due to the broader spectrum of substrate specificity, cross-resistance to different classes of insecticides is more common in metabolismbased resistance.
Drosophila melanogaster has been used extensively as a model system to understand the molecular mechanisms underlying insecticide resistance. Detailed studies of target site resistance have led to the identification of mutations in several key genes including those that encode the sodium channel, GABA gated chloride channel, acetylcholinesterase, and n-acetylcholine receptor (Perry et al., 2011) . Similarly, metabolic insecticide resistance has been identified in a number of field-isolated and laboratory-selected strains of Drosophila . Overexpression of a single P450 gene Cyp6g1 is associated with resistance to DDT and imidacloprid in field-derived Drosophila strains (Daborn et al., 2002) and ectopic overexpression of this enzyme in transgenic animals is sufficient to confer resistance to DDT, dicyclanil, and nitenpyram (Daborn et al., 2007) . Similarly, Cyp12a4 overexpression provides resistance to Lufenuron (Bogwitz et al., 2005) , while overexpression of Tribolium castaneum Cyp6BQ9 in the nervous system of Drosophila confers resistance to dieldrin (Zhu et al., 2010) . In contrast to target site resistance, however, the molecular mechanisms underlying many forms of metabolic resistance remain unknown. This is primarily due to our limited understanding of how the genes that encode xenobiotic detoxifying enzymes are regulated in insects.
In an effort to better understand the mechanisms of metabolic resistance, several resistant strains of Drosophila have been developed in the laboratory. Two such strains are currently available, 91R and RDDTR, which were established by recurrent selection of wild caught flies on increasing concentrations of DDT over several generations. The 91R strain was established in Minnesota, USA (Merrell and Underhill, 1956; Dapkus and Merrell, 1977) , while the RDDTR strain was developed from the Raleigh strain in France (Cùany et al., 1990) . Despite their distinct origins, both of these strains exhibit a high degree of resistance to a common spectrum of insecticides. Previous genetic analysis of the 91R strain has shown that it overexpresses Cyp6g1 due to the insertion of an Accord transposable element in its 5 0 UTR (Daborn et al., 2002) . A number of other putative detoxifying genes are also overexpressed in the 91R strain (Pedra et al., 2004; Qiu et al., 2013) . Attempts to identify the molecular mechanisms underlying this coordinate up-regulation suggested that it is due to a trans-acting factor or factors located on the third chromosome (Maitra et al., 2000) . However, the identity of this factor and the mechanism by which it regulates detoxification gene expression remain unknown. In comparison to the 91R strain, less is known about RDDTR. This strain has been reported to overexpress Cyp6a2, which also carries point mutations that increase its catalytic activity (Amichot et al., 2004) . However, it is not known if the overexpression of Cyp6a2 in this strain arises from cis or trans-regulatory mutations. Further, it remains to be determined if other detoxification genes are overexpressed in the RDDTR genetic background.
Recently we have demonstrated that the evolutionarily conserved Nrf2/Keap1 pathway plays a central role in regulating the coordinate transcriptional response to xenobiotic compounds in Drosophila (Misra et al., 2011) . CncC is the Drosophila ortholog of Nrf2, which is a CNC-bZIP transcription factor. Under normal physiological conditions, it is retained in the cytoplasm by the actin-associated protein Keap1, which also functions as an adapter for the Cullin-3-based ubiquitination machinery, facilitating CncC proteasomal degradation (Kensler et al., 2007; Sykiotis and Bohmann, 2008) . Electrophiles and reactive oxygen species disrupt the interaction between Keap1 and CncC, causing CncC stabilization and subsequent nuclear translocation. In the nucleus, CncC forms a heterodimer with Maf-s, binds to antioxidant response elements/electrophile response elements in target promoters, and up-regulates their transcription. Activation of this pathway is necessary and sufficient for xenobiotic-induced transcription of a wide range of detoxification genes in Drosophila (Misra et al., 2011) . Moreover, ectopic activation of the pathway provides resistance against the insecticide malathion. We thus conclude that exposure of insects to xenobiotic compounds induces a defensive response mediated by the CncC/Keap1 pathway that provides drug resistance and promotes survival.
Interestingly this pathway also provides a possible mechanism to explain the widespread expression of detoxification genes in the 91R and RDDTR DDT-resistant strains. We show here that the CncC/Keap1 pathway is constitutively active in both the 91R and RDDTR strains, leading to broad ectopic expression of detoxification genes. Overexpression of Keap1 or disruption of CncC function is sufficient to block this transcriptional response. Moreover, we show that the mutation(s) that cause constitutive activation of this pathway are located on the third chromosome. These studies demonstrate that the CncC/Keap1 pathway contributes to the overexpression of detoxification genes in the 91R and RDDTR strains, and suggest that efforts to inhibit this response may improve pesticide efficacy.
Materials and methods

Drosophila stocks
Canton S, tub-Gal80 ts , and w;Act5-Gal4 were obtained from the Bloomington Drosophila Stock Center. The w;UAS-Keap1 and y, w;UAS-CncC-RNAi lines were kindly provided by D. Bohmann. The 91C and 91R strains were obtained from R. Ganguly and the RDDTR strain was obtained from M. Amichot. The WT-lacZ, D15-lacZ,
5XWT-lacZ and 5XMUT-lacZ lines have been described previously (Misra et al., 2011) . To generate the flies carrying the third chromosomes from the 91R and RDDTR strains, in combination with various reporters, the 91R and RDDTR flies were crossed to the balancer line w 1118 ; T(2,3) ap Xa /SM5; TM3, Sb 1 to replace the X chromosomes. Subsequently, the second chromosomes were replaced with those carrying the appropriate reporter transgenes. Flies were raised on standard cornmeal/molasses/agar food at 20e 25 C and matured to five days of age before all studies. Stocks with tub-Gal80 ts were reared at 18 C. Progeny were allowed to emerge and then shifted to the restrictive temperature of 29 C for 3e6 days.
Northern blot hybridizations
Total RNA was isolated from 5 to 7 day old control and DDTresistant flies using Tripure (Roche), following the manufacturer's instructions. Equal amounts of RNA were fractionated by formaldehyde agarose gel electrophoresis and analyzed by northern blot hybridization, as described (Misra et al., 2011) . Probes were generated by PCR, purified using Qiaquick gel extraction columns (Qiagen), and labeled with a Prime-It II kit (Stratagene). The PCR primers used to generate each probe are as published (Misra et al., 2011) .
Histochemical detection of b-galactosidase in adult tissues
Mature adult animals were dissected in PBS. Tissues were fixed in 1.5% formaldehyde in PBS for 20 min and stained with 0.2% X-gal (Roche) for 15e30 min at 37 C.
Microarray experiments
RNA was isolated from mature 91R or 91C male flies. All samples were prepared in four replicates to facilitate subsequent statistical analysis. Total RNA was extracted with TriPure (Roche) followed by purification with RNAeasy columns (QIAGEN). Probe labeling, hybridization to two-color Agilent Drosophila 44K arrays and scanning, were performed by the University of Utah Microarray Core Facility. The data were Lowess normalized using R, and the fold changes in gene expression and t-statistics were determined using GeneSifter (VizX Labs, Seattle, WA). p-values were calculated using the Benjamimi and Hochberg correction for false-discovery rate. Comparison between microarray datasets was performed using Genevenn and the p-value for significance of overlap between gene sets was calculated by hypergeometric probability. Microarray data from this study can be accessed online at NCBI GEO (accession number: GSE48952).
Results
The 91R and RDDTR insecticide resistant strains coordinately overexpress CncC target genes
The 91R strain has been previously shown to overexpress a number of detoxifying genes, some of which are inducible by phenobarbital (PB) and regulated by the CncC/Keap1 pathway (Pedra et al., 2004; Misra et al., 2011; Qiu et al., 2013) . This raises the interesting possibility that constitutive activation of the CncC/ Keap1 pathway could contribute to the overexpression of detoxifying genes in this strain. Similarly, the RDDTR strain is known to overexpress Cyp6a2, which is regulated by CncC. We therefore examined the transcription of several known CncC-regulated detoxification genes in these two strains by northern blot hybridization (Fig. 1A) . As a control we used the 91C strain for the 91R strain and the wild-type laboratory strain Canton S as a control for RDDTR. The 91C strain was established from the same flies from which the 91R strain was developed, except that they were not exposed to DDT (Dapkus and Merrell, 1977) . Interestingly, both 91R and RDDTR flies overexpress Cyp6a2, Cyp6a8, Jheh1, GstD2 and CG6188, all of which are known to be regulated by PB as well as the CncC/Keap1 pathway (Misra et al., 2011) . These results raise the possibility that the CncC/Keap1 pathway is active in both the 91R and RDDTR resistant strains.
The CncC/Keap1 pathway is constitutively active in the 91R and RDDTR strains
If the CncC/Keap1 pathway is active in the 91R and RDDTR strains, then a CncC-responsive reporter gene should be expressed in these genetic backgrounds and this expression should be dependent on CncC binding to the promoter. To test these possibilities, we used transgenic flies that carry a lacZ reporter gene fused to either a wild-type 313 bp Cyp6a2 promoter fragment (WTlacZ) or the same promoter fragment that carries a 15 bp deletion disrupting the CncC binding site (D15-lacZ) (Misra et al., 2011) . Transgenic animals carrying these constructs were crossed to the 91R and RDDTR strains and examined for lacZ transcription ( Fig. 2A,B) . As expected, both the WT-lacZ and D15-lacZ reporters are not expressed in the control genotypes. In contrast, the WT-lacZ reporter is expressed in parallel with the endogenous Cyp6a8 gene in both the 91R and RDDTR genetic backgrounds, while the D15-lacZ reporter remains silent in these strains ( Fig. 2A,B) . These results support the proposal that the CncC/Keap1 pathway is constitutively active in both of these DDT-resistant lines. In addition, activation of the reporters in animals that carry only one chromosomal homolog from each of the resistant strains suggests that the pathway is activated in a dominant manner. To test this possibility we examined the transcription of Cyp6a8 in animals that are homozygous or heterozygous for the 91R or RDDTR chromosomes (Fig. 2C,D) and observed that, although the heterozygous animals overexpress Cyp6a8 compared to the wild-type controls, the expression level is lower than that in the homozygous animals, indicating that the effects of 91R and RDDTR on the CncC/Keap1 pathway are semidominant in nature. We then examined how these strains interact with each other with respect to their effect on the CncC/Keap1 pathway. To address this, the 91R and RDDTR strains were mated with either Canton S wild-type flies or with each other and their heterozygous progeny were analyzed for transcription of Cyp6a8 (Fig. 2E) . As expected from our earlier results, 91R and RDDTR activate the CncC/Keap1 pathway in a semidominant manner (Fig. 2E, lanes 4,5) . In addition, combining chromosomes from the 91R and RDDTR strains have an additive effect on Cyp6a8 expression, suggesting that these two DDTresistant strains activate the pathway by either the same or parallel mechanisms (Fig. 2E, lane 6) .
The third chromosome of the 91R and RDDTR strains is sufficient for CncC activation
Previous genetic analysis suggests that the overexpression of Cyp6a2 and Cyp6a8 genes in the 91R strain is due to a factor or factors located on the third chromosome (Maitra et al., 2000) . Similar studies in two different strains have indicated that factors located near cytological locations 86D and 90D on the third chromosome cause overexpression of P450s (Houpt et al., 1988; Waters and Nix, 1988) . If this is true, then the third chromosome alone from 91R and RDDTR should be sufficient to activate the CncC-responsive reporter gene. To test this possibility, we created animals that carry either the WT-lacZ or the D15-lacZ transgenes on the second chromosome (as homozygotes) in combination with a homozygous third chromosome from either 91R or RDDTR, and examined the transcription of lacZ mRNA by northern blot hybridization (Fig. 3A,B) . Both the reporter transgenes and DDT-resistant strains were outcrossed to a w 1118 background to eliminate any contribution from the X chromosome. As expected, both the WT-lacZ and RNA was isolated from RDDTR and 91R flies along with the corresponding control strains, Canton S (CS) and 91C, and analyzed by northern blot hybridization to detect the transcription of CncC-regulated genes, as shown. Hybridization to detect rp49 mRNA was used as a control for loading and transfer.
the D15-lacZ reporters are not expressed when they are combined with wild-type third chromosomes (Fig. 3A,B) . In contrast, the WTlacZ reporter is expressed when it is in combination with only the third chromosome from either the 91R or the RDDTR strain, while the D15-lacZ reporter remains silent in these backgrounds. We also tested if the third chromosome from the 91R and RDDTR strains is sufficient to activate gene expression from an isolated CncC binding site upstream from a reporter construct. For this purpose, we used transgenic animals that carry a lacZ reporter gene fused to either five tandem copies of a wild-type CncC binding site in the Cyp6a2 promoter (5XWT-lacZ) or a mutant version of this promoter fragment lacking the Nrf2/Maf-s binding site (5XMUT-lacZ) (Misra et al., 2011) on their second chromosome (as homozygotes) in combination with homozygous third chromosomes from either 91R or RDDTR, and examined lacZ transcription (Fig. 3C,D) . As expected, both the 5XWT-lacZ and 5XMUT-lacZ reporters are not expressed when they are combined with wild-type third chromosomes. In contrast, the 5XWT-lacZ reporter is expressed when it is in combination with the third chromosome from either the 91R or RDDTR strain, while the 5XMUT-lacZ reporter remains unexpressed in these backgrounds. Taken together, these experiments indicate that the mutation or mutations that cause constitutive activation of the CncC/Keap1 pathway is located on the third chromosome in both of these strains.
CncC is activated in the appropriate tissues of 91R and RDDTR animals
Spatial expression studies of P450 genes have revealed that the midgut and Malpighian tubules are predominant sites for Phase I detoxification (Chung et al., 2009) . To determine if the activated CncC/Keap1 pathway functions in a similar tissue-specific manner Flies carrying either the WT-lacZ or D15-lacZ transgene were mated with either RRDTR or control CS strain, after which RNA was extracted from the resulting heterozygous progeny and analyzed by northern blot hybridization for transcription of lacZ and Cyp6a8. (C) The 91R strain was mated with CS flies and RNA was extracted from either CS, 91R or their heterozygous progeny and analyzed by northern blot hybridization for transcription of Cyp6a8. (D) The RDDTR strain was mated with CS flies and RNA was extracted from either CS, RDDTR or their heterozygous progeny and analyzed by northern blot hybridization for transcription of Cyp6a8. (E) The 91R and RRDTR strains were mated with either CS flies or with each other and RNA was extracted from either CS, 91R, RDDTR or their heterozygous progeny and analyzed by northern blot hybridization for transcription of Cyp6a8. Hybridization to detect rp49 mRNA was used as a control for loading and transfer in all panels.
in the 91R and RDDTR strains, we examined b-galactosidase activity in tissues dissected from animals that carry either the WT-lacZ or the D15-lacZ reporter on the second chromosome along with the third chromosomes from either wild-type, 91R or RDDTR strains (Fig. 4) . As a control, we used a heat-inducible hs-CncC transgene to ectopically activate the CncC pathway in animals that carry either the WT-lacZ or D15-lacZ reporter (Misra et al., 2011) . As expected, bgalactosidase activity was clearly detectable in heat-treated hsCncC animals carrying the WT-lacZ transgene (Fig. 4D) , and no expression was evident in non-heat-treated hs-CncC; WT-lacZ animals (Fig. 4A ) or in heat-treated animals carrying the D15-lacZ reporter (Fig. 4G) . Similarly, no b-galactosidase activity was detected when either the WT-lacZ or D15-lacZ reporter were carried in wildtype flies (Fig. 4B,C) . In the presence of either the 91R or RDDTR third chromosomes, however, the WT-lacZ transgene was abundantly expressed in both the midgut and Malpighian tubules (Fig. 4E,H) , while no b-galactosidase was expressed from the D15-lacZ reporter in either genetic background (Fig. 4F,I ). Interestingly, these patterns are similar to those described for many P450 genes (Chung et al., 2009) , suggesting that CncC/Keap1 pathway activation in the 91R and RDDTR strains recapitulates the wild-type expression patterns of detoxification gene expression.
CncC activation is necessary for detoxification gene expression in the 91R strain
If constitutive activation of the CncC/Keap1 pathway is an underlying cause for overexpression of the detoxifying genes in the 91R and RDDTR strains, then disruption of CncC function should prevent this transcriptional response, as would Keap1 overexpression (which promotes CncC degradation). To test this possibility, we used the GAL4/UAS system to direct RNAi for CncC or to overexpress Keap1. Transgenic flies were established that carry the ubiquitous actin-GAL4 driver along with either UAS-CncC-RNAi or UAS-Keap1 on the second chromosome, in combination with the third chromosomes from the 91R strain. The Tub-Gal80 ts construct was included in these lines to control the timing of CncC RNAi or Keap1 overexpression, as these conditions are normally lethal (Sykiotis and Bohmann, 2008) . Following temperature shifts to activate GAL4, RNA was extracted and examined by northern blot hybridization to detect the expression of Cyp6a2 and Cyp6a8 (Fig. 5A,B) . Although both genes are abundantly expressed in the controls that carry either the GAL4 driver or the UAS transgene alone, the expression of these genes is significantly attenuated by either CncC RNAi (Fig. 5A ) or Keap1 overexpression (Fig. 5B) . These results suggest that the CncC/Keap1 pathway is necessary for the overexpression of detoxification genes in the 91R strain. Similar results were seen in the RDDTR genetic background upon either CncC RNAi or Keap1 overexpression, suggesting that this pathway is required in both strains for detoxification gene overexpression (Fig. 5C ).
Many CncC-regulated genes are overexpressed in the 91R strain
In order to determine the extent to which CncC activation contributes to the pattern of gene expression in the DDT-resistant strains, we examined the transcriptional profile of 91R adult flies relative to the 91C control line. RNA was isolated from 91C and 91R animals, labeled and hybridized to two color Agilent Drosophila 44K arrays. All experiments were conducted in quadruplicate to facilitate statistical analysis. This study revealed that 1584 genes are differentially expressed 2-fold or higher in the 91R strain relative to the 91C strain, with 762 genes up-regulated and 822 genes downregulated (Table S1 ). We compared this list of differentially expressed genes with our previously determined list of genes that alter expression upon ectopic activation of the CncC/Keap1 pathway (Misra et al., 2011) (Fig. 6A) . Remarkably, about 20% of the genes differentially expressed in the 91R strain are also regulated by CncC. Similarly, GOstat analysis of the genes that change expression in the 91R strain reveals an enrichment of oxidoreductases, electron carriers and transmembrane transporters in the top GO categories (Fig. 6B) , reflecting the predominant gene categories seen upon activation of CncC (Misra et al., 2011) .
There are several reasons why more CncC-regulated genes are not present in the 91R gene list, including the possibility that the CncC/Keap1 pathway is not fully activated in this DDT-resistant line. This possibility is supported by the observation that constitutive activation of this pathway causes embryonic lethality (McGinnis et al., 1998) , and no lethality is evident in either the 91R or RDDTR strains. Accordingly, we tested if CncC-regulated genes could be further induced in the 91R and RDDTR strains upon exposure to PB, a compound that is known to cause robust CncC activation. Both 91R and RDDTR animals were fed PB and the expression of Cyp6a2, Cyp6a8 and Jheh1 was examined by northern blot hybridization (Fig. 6C) . As described in our previous study (Misra et al., 2011) , all three genes are highly overexpressed upon exposure to PB. Interestingly, a similar induction is seen in both the 91R and RDDTR lines. This result indicates that the CncC/Keap1 pathway is not fully active in these two DDT-resistant strains and suggests that this partial response contributes to their viability throughout development.
Discussion
The emergence of insecticide resistance has had a major impact on agricultural crop production and the spread of vector-borne human diseases, with a disproportionate effect on developing countries. As a result, considerable effort has been aimed at understanding the mechanisms by which insects acquire pesticide resistance. Here we show that constitutive activation of the CncC/ Keap1 pathway is central to the overexpression of detoxifying genes in two insecticide resistant strains of Drosophila, 91R and RDDTR. This is consistent with our previous finding that this pathway plays a key role in the coordinate induction of detoxification gene expression in response to xenobiotic treatment, and ectopic activation of this pathway is sufficient to confer resistance to malathion (Misra et al., 2011) . This work provides a molecular mechanism to explain how detoxification gene expression is coordinately up-regulated in insects that have acquired metabolic pesticide resistance.
Genomewide transcriptional profiling revealed that about 20% of the genes that are misexpressed in the 91R strain are regulated by CncC (Fig. 6A ). Our identification of many genes that were not reported in a previous microarray study of 91R flies is likely due to our use of the 91C strain as a control (the previous study used Canton S) as well as a different microarray platform and statistical Fig. 4 . The mutation(s) located on the third chromosomes of 91R and RDDTR strains activate the CncC/Keap1 pathway in the Malpighian tubules and midgut. Transgenic flies carrying the WT-lacZ CncC reporter along with the heat inducible hsp70-CncC transgene (hs-CncC) were subjected to either no heat shock (ÀHS)(A) or heat shock (þHS) (D), after which the tissues were dissected and stained for b-galactosidase activity. Flies carrying the D15-lacZ reporter gene along with the hsp70-CncC transgene (hs-CncC) were subjected to heat shock (þHS) as a negative control (G), after which the tissues were dissected and stained for b-galactosidase activity. Transgenic flies carrying the WT-lacZ reporter (B, E, H) or the D15-lacZ reporter (C, F, I) on the second chromosome along with the third chromosome from either the Canton S (WT) (B, C), 91R (E, F) or RDDTR (H, I) strains were dissected and stained for b-galactosidase activity.
methods (Pedra et al., 2004; Qiu et al., 2013) . In addition, our finding that the third chromosomes from either the 91R or RDDTR strains is sufficient to activate the CncC/Keap1 pathway is consistent with a previous mapping study of Cyp6a2 and Cyp6a8 overexpression in 91R flies (Maitra et al., 2000) . Mapping experiments in a malathion-resistant strain also showed that the overexpression of two P450s encoded on the second chromosome requires a region located on the right arm of the third chromosome near the striped locus (Houpt et al., 1988) . In addition, an increase in dimethylnitrosamine demethylase (DMN-d) activity associated with the overexpression of two P450 genes on the second chromosome is dependent on a region located near the Curled locus on the third chromosome (Waters and Nix, 1988) . Taken together, these studies suggest that the region between cytological locations 86D and 90D on the right arm of the third chromosome contains one or more factors that might regulate the CncC/Keap1 pathway. Although both Keap1 (89E) and CncC (94E) are located close to this region, no mutation could be detected in their coding regions in either the 91R or RDDTR strain (data not shown), indicating that the pathway is not activated by a sequence change in these two key factors.
Constitutive activation of the CncC/Keap1 pathway causes embryonic lethality in Drosophila (McGinnis et al., 1998) . This agrees with the developmental roles of the Nrf2 transcription factor in both Drosophila and Caenorhabditis elegans (Bowerman et al., 1992; McGinnis et al., 1998; Veraksa et al., 2000) . Consistent with the high fitness cost associated with activation of the pathway, we observed only partial activation of CncC in the 91R and RDDTR strains (Fig. 6C) . From an evolutionary perspective, it is conceivable that such partial activation could provide protection against insecticides such as DDT without compromising the survival of the organism. Partial activation of this pathway could be achieved by restricting this response to certain tissues. Tissue-specific activation of CncC in the major metabolic organs of the fly does not lead to lethality, consistent with this proposal (Misra et al., 2011) . Similarly, mutations that activate the pathway only in adults, after development has been completed, could provide protection against chemical toxins. The temporal expression pattern of Cyp6a2 in the RDDTR strain, however, suggests that the CncC/Keap1 pathway is active throughout most of development (Tarès et al., 2007) . This raises the possibility that the pathway is either active in a subset of tissues or is ubiquitously active at a low level.
The mechanism(s) by which the CncC/Keap1 pathway is constitutively activated in the 91R and RDDTR strains remains unclear. Indeed, this is a difficult problem to address because there are multiple independent levels at which pathway activation can be achieved. For example, the known effect of reactive oxygen species and electrophiles on Nrf2 means that any mutation that increases ROS levels could potentially activate CncC. Similarly, electrophilic metabolites produced in the body, such as fumarate, can directly modify key cysteine residues in Keap1, disrupting its interaction with Nrf2 (Kinch et al., 2011) . Furthermore, the altered expression or activity of a kinase that phosphorylates CncC, or mutations that decrease the efficiency of CncC ubiquitination, could cause pathway activation (Lo and Hannink, 2006; Keum, 2011) . To test this latter possibility, we examined if overexpression of USP8, a deubiquitinase located at 93C, could activate CncC, but observed that USP8 overexpression has no effect (data not shown). For efficient ubiquitination, Cullin-3 needs to undergo cycles of neddylation and deneddylation, a process that requires the activity of the COP9 signalosome (CSN) and CAND1 (Wei and Deng, 2003; Duda et al., 2011) . Loss of function in any of these components could activate the CncC/Keap1 pathway. Interestingly, the metalloprotease CSN5, which plays a key role in deneddylation of Cullin-3, is downregulated five-fold in the 91R strain and located at 89B. However, the published microarrays for the csn5 mutants did not reveal any signatures of CncC activation (Oron et al., 2007) . In addition, overexpression of proteins that contain the motifs involved in the Keap1eCncC interaction can disrupt their association and cause pathway activation (Komatsu et al., 2010) . Similarly, sequestration of Keap1 in misfolded protein aggregates can lead to sustained Nrf2 activation (Rajasekaran et al., 2007) . Thus, further studies are needed to identify the mutation or mutations that activate CncC in these strains and thereby define the mechanisms by which this is achieved. Indeed, it is possible that a novel pathway may be uncovered that activates this highly regulated system. Activation of the CncC/Keap1 pathway, however, is unlikely to be the only factor that contributes to insecticide resistance in these strains. Resistance modeling has suggested that selection with sublethal concentrations of insecticides favors the development of polygenic resistance (Schlipalius et al., 2008) . Given that these strains were established by recurrent selection on increasing concentrations of DDT, it is likely that they have multiple mutations that confer high resistance. Consistent with this, genetic analysis of the 91R strain identified contributing factors on each major autosome (Dapkus and Merrell, 1977) . This strain also carries a transposon insertion that leads to overexpression of Cyp6g1 (Kuruganti et al., 2007) , which is known to be sufficient to provide DDT resistance (Daborn et al., 2002) . In addition, our microarray experiment suggests that many of the genes that are differentially expressed in the 91R strain do so independently of CncC (Fig. 6A) . Moreover, DDT resistance and Cyp6a8 transcript levels do not ; Act-GAL4 driver alone, or in combination with either the UAS-CncC-RNAi or UAS-Keap1 transgene, were combined with the third chromosomes from either the 91R (A,B) or RDDTR (C) strain, as shown. The stocks were shifted to 29 C for five days, after which RNA extracted from these animals was analyzed by northern blot hybridization to detect the transcription of Cyp6a8 and Cyp6a2. Hybridization to detect rp49 mRNA was used as a control for loading and transfer.
always correlate in individual isolates from the 91R and RDDTR strains (data not shown). Thus constitutive activation of the CncC/ Keap1 pathway likely establishes only one of several components that contribute toward pesticide resistance in these strains.
Finally, misregulation of the xenobiotic detoxification pathway may be a common mechanism underlying resistance to chemical compounds in other organisms. For example, constitutive activation of this pathway has been associated with drug resistance in several types of human cancers, correlating with the overexpression of several Phase II enzymes and multi drug transporters (Singh et al., 2006; Shibata et al., 2008; Shim et al., 2009; Zhang et al., 2010) . Similarly, the nematode Nrf2 ortholog SKN-1 regulates a number of detoxification genes in C. elegans (Park et al., 2009) . Given that SKN-1 is highly conserved among nematodes (Choe et al., 2012) , it is possible that misregulation of this pathway is involved in anthelmintic resistance, which has been reported in a number of parasitic nematodes. If so, then the development of chemical inhibitors of this pathway might be useful for preventing parasitic nematode infections, with major implications for human health and nutrition. Similarly, our results suggest that inhibition of the CncC/Keap1 pathway should sensitize insects to pesticide application. Accordingly, CncC inhibitors might act as effective synergists that could improve our use of pesticides to control insect populations. (Misra et al., 2011) . The p-value for the overlap of the gene sets is shown. (B) Gene ontology (GOstat) analysis of the genes that change expression in the 91R strain relative to 91C. The top GO categories for each gene set are listed in order of significance along with the number of genes affected in that category, the total number of genes in that category (in parentheses), and the statistical significance of the match. (C) Mature 91R or RDDTR flies along with wild-type controls were treated with either no PB (À) or 0.3% PB (þ) for 2 h, after which RNA was extracted and analyzed by northern blot hybridization to detect the transcription of PB-inducible genes. Hybridization to detect rp49 mRNA was used as a control for loading and transfer.
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